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a b s t r a c t
In this work the efﬁciency and physicochemical details of a thin ﬁlm produced by help of a microwave
assisted sol gel technique is compared to different commercial powders (Degussa P25 and Hombikat
UV100) deposited on glass substrates. Furthermore, a supercritical produced TiO2 powder (SC 134) was
included in the comparison.
The prepared TiO2 ﬁlms were characterized using XRD, XPS, AFM, DSC and DLS. The photocatalytic
activity was determined using stearic acid as a model compound. Investigation of the prepared ﬁlms
showed that the Degussa P25 ﬁlm and the sol–gel ﬁlm were the most photocatalytic active ﬁlms. The
activity of the ﬁlms was found to be related to the crystallinity of the TiO2 ﬁlm and the amount of surface
area and surface hydroxyl groups. Based on the XPS investigation of the ﬁlms before and after UV irradia-
tion it was suggested that the photocatalytic destruction of organic matter on TiO2 ﬁlms proceeds partly
through formation of hydroxyl radicals which are formed from surface hydroxyl groups created by inter-
actions between adsorbed water and vacancies on the TiO2 surface. Furthermore a correlation between
the amount of OH groups on the surface of the different TiO2 ﬁlms and the photocatalytic activity was
found.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Heterogeneous photocatalysis is one of the advanced oxidation
processes that couples low-energy ultraviolet light with semi-
conductors acting as photocatalysts. In this process completely
mineralization of the organic pollutants to carbon dioxide and
mineral acids is achieved [1,2]. TiO2 is the most often used semi-
conductor in photocatalysis due to high activity, chemical stability,
and it is not subject to photocorrosion [2].
The photocatalytic activity of TiO2 has been found to be tied
to the surface properties of the catalyst. Among others Jensen et
al. investigated the inﬂuence of the preparation method on the
photocatalytic activity of TiO2 powders [3]. Some of the particle
properties which are known to affect the photocatalytic activity
are particle size, crystal structure, absolute crystallinity, amounts
and the identity of defects, incident light intensity, adsorption of
pollutants, pH of the solution, and preparation method [4–7].
In the ﬁeld of photocatalysis, most applications are concerned
with water and air puriﬁcation or self-cleaning properties of dif-
ferent materials. Considerable amount of work has been done on
TiO2-modiﬁed materials for self-cleaning windows and building
∗ Corresponding author. Tel.: +45 99407622; fax: +45 75453643.
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surfaces [7,8]. In the case of self-cleaning applications, TiO2 is
deposited on the substrate as a thin ﬁlm. The basic idea is that the
surface can be kept clean by the action of sunlight and rainwater,
due to the photocatalytic and superhydrophilic properties of TiO2
[9].
Early work on water puriﬁcation using photocatalysis mainly
focused on the photomineralization of organics dissolved in aque-
ous solution usually employing the semiconductor in the form of a
powder suspension. The use of TiO2 in suspension is efﬁcient due
to the large surface area of the catalyst and the absence of mass
transfer limitations [2,10].However, theuseof suspensions requires
an additional separation step which is both time consuming and
expensive [2,10,11]. In order to overcome these obstacles immo-
bilization of the TiO2 catalyst in the photoreactor seems to be an
important step of improvement.
Considerable amount of research has been done on immobi-
lization of TiO2 for both self-cleaning and puriﬁcation purposes.
Different preparation methods for the immobilization of TiO2
on substrates have been investigated including organic precursor
decomposition, chemical vapor deposition (CVD), screen printing
techniques, and sol–gel methods [12].
In this work we want to compare the efﬁciency and physico-
chemical details of a thin ﬁlm produced by help of a microwave
assisted sol gel technique with different commercial powders all
deposited on glass substrates. The commercial powders were two
1010-6030/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
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of the most widely used powders in photocatalytic degradation of
organic pollutants in aqueous solution. Furthermore, a supercriti-
cal produced TiO2 powder prepared in our laboratory (SC 134) was
included in the comparison. The TiO2 powder produced in super-
critical CO2 has a small primary particle size and a narrow particle
size distribution [13].
The work presented in this article shows that the physical and
chemical properties of the prepared TiO2 ﬁlms are closely related
to the photocatalytic activity of the ﬁlms. In order to optimize the
activity it is important to have precise knowledge of the properties
of the prepared ﬁlm all the way from preparation of the powder or
sol–gel paste through dispersion of the particles to immobilization
of the particles on a substrate. To obtain the detailed knowl-
edge on similarities and differences of the photocatalytic ﬁlms the
ﬁlms were characterized by X-ray diffraction (XRD), atomic force
microscopy (AFM), dynamic light scattering (DLS), and differential
scanning calorimetry (DSC). Furthermore, the surface properties
of the TiO2 ﬁlms were examined by help of X-ray photoelectron
spectroscopy (XPS) before and after UV irradiation. The idea was to
reveal surface changes occurring as a result of the photocatalytic
activation of the ﬁlms and to be able to discuss a physicochemi-
cal model of these changes based on the experimental results. The
photocatalytic activity of the ﬁlms was determined using stearic
acid as a model compound.
2. Materials and methods
2.1. Preparation of TiO2 ﬁlms
2.1.1. Preparation of TiO2 ﬁlms from titania powders
Titania ﬁlms were prepared from the three different powders.
For the preparation of the ﬁlms two commercially available TiO2
powders (Degussa P25 and Hombikat UV100) and one TiO2 pow-
der produced in our laboratories in supercritical CO2 (SC 134) were
used. The preparation methods of the powders are described by
Jensen et al. [3,14]. The ﬁlms were prepared by suspending the TiO2
powder in a 95/5% (w/w) methanol/water mixture which was son-
icated for 1h. In order to obtain ﬁlms of different photocatalytic
activity the amount of TiO2 powder added to the methanol/water
solution varied between 0.5 and 10% (w/w).
The pH of the suspension was adjusted at pH 3 using HNO3 to
obtain better adhesion between the TiO2 and the glass substrate
(microscope slide). The pH of the suspension was below the iso-
electric point of TiO2 (reported values 5.6–6.2) resulting in TiO2
having a positive charge. Reported values of the isoelectric point of
SiO2 range from 1.85 to 2.7 resulting in the glass substrate having
a negative charge at pH 3. Therefore, it is expected that there is an
electrostatic attraction between the two surfaces that will enhance
the adhesion [11,15].
The nanocrystalline ﬁlms were immobilized on a microscope
slide by applying the doctor blade method described by Mills et al.
[16]. The dried ﬁlms were placed in a furnace at 450 ◦C for 1h to
secure adhesion between the TiO2 ﬁlm and the glass.
2.1.2. Preparation of nanocrystalline sol–gel titania ﬁlms
The sol–gel TiO2 ﬁlm was prepared from a modiﬁed sol–gel
method initially described by Mills et al. and Barbé et al. [16,17].
The sol–gel method produces a TiO2 paste which can be coated
onto different substrates. The TiO2 paste was prepared by adding
5ml titanium (IV) tetraisopropoxide to 1.1ml glacial acetic acid
whichwasmixedwith 30ml 0.1Mnitric acid solution. The solution
was placed in a microwave reactor (Anton Paar, Multiwave 3000)
in order to control the sol–gel synthesis. A temperature ramp of
100min was used to reach the ﬁnal temperature of 220 ◦C and a
pressure of 60bar. Theﬁnal conditionswereheld for 100minbefore
allowing the system to cool down. The solution in the microwave
reactor was stirred at 400 rpm during the entire process. After
synthesis the particles were redispersed using ultra sound. The
solution was rotary evaporated until the TiO2 content was 10wt%.
The pH of the ﬁnal TiO2 paste was approximately 3 as in the case
of the deposition of the different titania powders.
The ﬁlmswere prepared by applying the doctor blade technique
described in [16]. After drying for 30min the ﬁlms were placed in
a furnace at 450 ◦C for 1h to obtain a better adhesion of the ﬁlm to
the glass.
2.1.3. Preparation of powder samples
Apart fromtheﬁlm, alsopowder sampleswereprepared inorder
todetermine their physical andchemical properties. Suspensionsof
TiO2 powder with the same compositions used to prepare the ﬁlms
were dried at 105 ◦C in air. In addition the sol–gel paste was dried
at 105 ◦C in order to obtain a powder. The four powder samples
were then heat treated for 1h at 450 ◦C and grounded in an agate
mortar.
2.2. XRD analysis
In the present work reﬂection X-ray diffraction (XRD) was used
to determine the presence of anatase and rutile phases in the
TiO2 ﬁlms. The XRD spectra were obtained using Co radiation
(=1.7889Å) from a Bruker reﬂection diffractometer.
The crystal size, , was determined from the broadening of the
(101) reﬂection of anatase by Scherrer’s formula:
 = K · 
ˇ · cos 
where K is the form factor (0.9), ˇ is the width of the peak at half
themaximum intensity after subtraction of the instrumental noise,
and  is the diffraction angle.
The absolute crystallinity of the powders for the ﬁlmswas deter-
mined by transmission X-ray powder diffraction using Cu K1
radiation (=1.5406Å) from a STOE Stadi P transmission diffrac-
tometer. The determination of the crystallinity of the TiO2 samples
is made with reference to CaF2, which is 100% crystalline. The
method for determining the absolute crystallinity is described else-
where [4].
2.3. DLS analysis
Dynamic light scattering (DLS) was used to measure the parti-
cle size of the different prepared TiO2 powders in suspension. The
samples were prepared by making a suspension containing 0.05%
(w/w) TiO2 in distilled water which were placed in a vial before
measuring. The particle size was measured using a DLS instrument
obtained from Photocor Instruments, Inc. consisting of a photon
counting unit (PMT), photocorrelator, and a 633nm 35mW laser
(JDS Uniphase).
2.4. DSC analysis
The Differential scanning calorimetry (DSC) investigation of the
different TiO2 powders samples was carried out using a Mettler
Toledo DSC822e with a TSO801RO auto sampler. The samples were
prepared by placing 6.0mg TiO2 powder in an aluminum container
which was placed in the calorimeter. The heat transfer rate used
in the investigation was 10 ◦C/min and the applied temperature
interval was 35–550 ◦C.
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Table 1
Measured particle properties
Degussa P25 Hombikat UV100 SC 134 Sol–gel ﬁlm
Crystallinity
Anatase (%) 75.6 86.2 65.6 69.1
Rutile (%) 21.6 – – –
Amorphous (%) 2.8 13.8 34.4 30.9
Crystallite size determined by XRD
Crystallite size powder (nm) 18 12 7 10
Crystallite size ﬁlm (nm) 23 10 7 11
AFM
Surface roughness (nm) 59.9 131.7 198.7 24.4
BET
Surface area powder (m2/g) 50 360 221 117
DLS
Particle size of powder in suspension (nm) 600±15 818±24 1274±36 270±2
2.5. AFM analysis
AFM analysis of the TiO2 ﬁlms was performed under ambient
conditions using a commercial Digital Instruments Nanoscope IIIa
MultiMode SPM (Veeco Instruments, Santa Barbara, CA) present at
Institute of Physics, University of Aarhus. StandardV-shaped silicon
tips (Ultrasharp cantilevers, NSC11, MikroMasch Germany) were
used with a resonance frequency of 45kHz, a spring constant of
1.5N/m and a tip radius of 10.0nm. AFM images were obtained in
tapping mode at 2Hz scan rates. The sample used in the measure-
ment was coated onto glass.
2.6. XPS analysis
TheXPS analysis of the TiO2 ﬁlms before and afterUV irradiation
was carried out in a UHV chamber on a SX700 at the synchrotron
source at the Institute for Storage Ring Facilities at Aarhus Uni-
versity, employing a Zeiss SX700 plane grating monochromator.
The chamber was equipped with a VG CLAM2 electron spectrom-
eter running with a pass energy of 30eV and a slit width of 2mm.
The base pressure was around 8×10−10 mbar. The TiO2 ﬁlms used
in the XPS analysis were cast onto stainless steel in order to pre-
vent charging of the sample, after drying for 30min the ﬁlms were
calcinated for 1h at 450 ◦C. The samples were UV irradiated for
1h outside the UHV chamber in ambient atmosphere (45% RH)
using one 9W germidal bulb (254nm) with an aluminium reﬂector
placed 5 cm above the samples. After UV irradiation the ﬁlms were
readilyplaced in theUHVchamber. TheUV light intensity at the sur-
face of the TiO2 ﬁlm was measured using a UV-meter to 30W/m2.
The obtained XPS spectra were ﬁtted by one or more Pseudo–Voigt
functions as described in [3]. The atomic concentration was
determined by dividing the integrated intensities by the relative
sensitivity factors, which for titanium is 1.8 and 0.66 for oxygen
[3].
2.7. Evaluation of the photocatalytic activity
The photocatalytic activity of the prepared nanocrystalline TiO2
ﬁlmswas investigated using stearic acid as amodel compound. Pre-
viousworkdonebydifferent groupshas shown that thedestruction
of stearic acid by semiconductor photocatalysis produces no gas
products other than carbon dioxide and water [12,18]. In addition
it was shown that the ratio of the number of moles of stearic acid
lost due to photocatalytic degradation of stearic acid to the number
of moles of carbon dioxide generated is in the stoichiometric ratio
of 1:18 [18].
The photocatalytic degradation of stearic acid is therefore
thought to follow the reaction scheme shown below:
CH3(CH2)16CO2H + 26O2
TiO2,h−→ 18CO2 + 18H2O
In order to deposit stearic acid on the TiO2 ﬁlm a stearic acid
solution was made from 0.5 g stearic acid dissolved in 100ml
chloroform. The stearic acid solution was deposited by a pipette
until the whole surface of the ﬁlm was covered and then spun at
1000 rpm for 10 s using a spin coater. The samples were UV irradi-
ated using the same 9W germidal bulb (254nm, UV-light intensity
30W/m2), as for the XPS measurements.
The degradation of stearic acid was monitored by FT-IR
absorbance spectroscopy, through the disappearance of the peak
at 2957.5 cm−1 corresponding to the asymmetric C–H stretching
of the CH3 group, and the peaks at 2922.8 cm−1 and 2853.4 cm−1
corresponding to the asymmetric and symmetric C–H stretching of
the CH2 group. In the present work the integrated area under these
peaks (2800–3000 cm−1) was used to measure the concentration
of stearic acid as a function of irradiation time. The FT-IR measure-
ments were carried out using a FT-IR spectrometer (PerkinElmer
Spectrometer, Paragon 1000).
3. Results and discussion
3.1. XRD analysis
The crystallinity of TiO2 has been proposed by different research
groups to inﬂuence the photocatalytic activity [4,5,19]. Normally,
the crystallinity of TiO2 is determined by XRD analysis from the
relative intensities of the peaks corresponding to the anatase and
rutile phase [4]. However, the absolute crystallinity is seldomdeter-
mined, which means that the amorphous fraction of the sample is
often neglected. This could have a huge impact on the interpreta-
tion of the results since it has been shown that amorphous fraction
of TiO2 has no or little photocatalytic activity [2].
The absolute crystallinity of the ﬁlms was determined by trans-
missionX-raypowderdiffractionwith reference toCaF2. The results
obtained from transmission XRD show that Degussa P25 is the only
sample consisting of both anatase and rutile. Degussa P25 consists
of 75.6% anatase and 21.6% rutile. The remaining 2.8% may be due
to an amorphous fraction of the TiO2 or to the uncertainty of the
method. In comparison Hombikat UV100 was found to consist of
about 86.2% anatase and the SC 134 and sol–gel ﬁlm of about 70%
anatase. Thecrystallinitydataare shown inTable1. FromTable1 it is
seen that the crystallite size of TiO2 ﬁlms determined by reﬂection
XRD of the prepared ﬁlms was in the interval 7–23nm. The level
of crystallinity was Degussa P25>Hombikat > Sol–gel > SC 134. Fur-
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Fig. 1. XRD spectra of the prepared TiO2 ﬁlms.
thermore, the reﬂection XRD spectra of the TiO2 ﬁlms shown in
Fig. 1 conﬁrm that the ﬁlm prepared by deposition of Degussa P25
is the only ﬁlm consisting of both anatase and rutile.
3.2. DSC analysis
The DSC results of the TiO2 powders are shown in Fig. 2. The
region from 30 to 150 ◦C can be ascribed to desorption of phys-
ical adsorbed water and hydroxyl groups. As the powders were
calcinated at 450 ◦C for 1h the samples did not show evidence
of the existence of residual carbon originating from the prepara-
tion method, which would have been observed as an exothermic
peak in the temperature region from 200 to 350 ◦C [5,20,21]. From
the DSC spectra it is seen that Hombikat UV100 has the great-
est amount of adsorbed water on the surface followed by SC 134,
sol–gel, and Degussa P25. The amount of adsorbed water or surface
hydroxyl groups is suggested to be related to the speciﬁc surface
area of the particles, which was conﬁrmed by BET data shown in
Table 1.
3.3. AFM and DLS analysis
The TiO2 ﬁlms were investigated using atomic force microscopy
(AFM). The surface images obtained using AFM are shown in Fig. 3.
From the AFM images it is seen that the TiO2 ﬁlm prepared from
Fig. 2. DSC spectra of the Prepared TiO2 ﬁlms.
immobilization of SC 134 consists of larger particles or aggregates
of particles compared to the other ﬁlms. In comparison the sol–gel
ﬁlmand theﬁlmprepared fromDegussa P25 aremoreuniformcon-
sisting of smaller aggregates. This is also seen from the roughness
data presented in Table 1. DLS measurements were used to verify
that the particle size of the powders in suspension can be found as
the size of the particle aggregates in the ﬁlms. The size of the aggre-
gates in suspension were measured to; Sol–gel (270nm)<Degussa
P25 (600nm)<Hombikat UV100 (818nm)<SC 134 (1274nm).
3.4. XPS analysis before and after UV irradiation
XPS is a highly sensitive technique for surface analysis which
effectively can be used to investigate the composition and chemical
states of the surface. In this study the surface of the prepared TiO2
ﬁlms were investigated before and after 1h of UV irradiation to
measure if the photo-excitation changes the surface properties of
the ﬁlm. In the following the peaks corresponding to Ti 2p and O 1s
are analyzed.
3.4.1. Analysis of the titanium 2p peak
The titaniumpeaks for theﬁlms are located at 458.7 eV (Ti 2p3/2)
and464.4 eV (Ti 2p1/2). The sharp and strongpeak at 458.7 indicates
that the Ti element mainly existed as Ti(IV) [19,22]. All the XPS
spectrawere very similar indicating thatUV irradiationunder these
conditions does not induce a signiﬁcant change in the Ti chemical
states resulting in the formation of Ti(III) or Ti(II) that have been
suggested by other groups [20,21]. Typical Ti spectra for the sol–gel
ﬁlm before and after UV irradiation are shown in Fig. 4.
3.4.2. Analysis of the oxygen 1s peak
The XPS spectra of the O 1s peak of a typical TiO2 ﬁlm before
and after UV irradiation are shown in Fig. 5. From the XPS spec-
tra it is seen that the oxygen peak is asymmetric indicating that at
least two different chemical states of oxygen are present. In litera-
ture the O 1s peak has been proposed to consist of 4–5 contributing
species such as Ti–O in TiO2 and Ti2O3, hydroxyl groups, C–Obonds,
and adsorbed H2O [23]. Although some H2O is easily adsorbed on
the surface of TiO2 ﬁlms during the deposition process the physi-
cally adsorbed H2O on TiO2 is easily desorbed under the ultrahigh
vacuum condition of the XPS system. Only negligible amounts of
physisorbed water remains on the surface of the TiO2 ﬁlms. Hence,
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Fig. 3. AFM images of the surface of (a) the Degussa P25 ﬁlm, (b) the Hombikat UV100 ﬁlm, (c) the SC 134 ﬁlm, and (d) the sol–gel ﬁlm.
the hydroxyl on the surface can be attributed to Ti–OH on the
ﬁlms [15]. The peaks located at 529.9 and 531.9 eV therefore can be
assumed to correspond to Ti–O in TiO2 and hydroxyl groups (–OH),
respectively [24]. In this work the O 1s peak is modeled with two
Pseudo–Voigt functions corresponding to surface oxygen (1) and
lattice oxygen (2), respectively [3].
From the O 1s spectrum of the sol–gel ﬁlm before UV irradia-
tion it is seen that most of the oxygen is present as lattice oxygen.
In comparison the XPS spectrum after 1h of UV irradiation shows a
signiﬁcant change in the amount of surface oxygen. AfterUV illumi-
nation the relative area of the peak due to surface oxygen (hydroxyl
groups) increases signiﬁcantly indicating that chemisorption of
water molecules on the surface of the TiO2 ﬁlms is enhanced by
UV irradiation. Usually, an increase in the hydroxyl content on the
surface of TiO2 ﬁlms enhances both the photo-induced superhy-
drophilicity andphotocatalytic activity [24]. Themodeledpeakdata
is shown in Table 2 for all four TiO2 ﬁlms.
The peak data in Table 2 shows that about 26% of the oxygen is
present in a form of surface oxygen (hydroxyl groups) prior to UV
irradiation. The difference in surface oxygen between the ﬁlms can
be ascribed to the difference in surface roughness and surface areas
[6]. The ﬁlms prepared from the smallest particles or aggregates
(DLS measurements) in this case the sol–gel ﬁlm can be assumed
to have the largest surface area.
Table 2
Fitted parameters for the O 1s peak of the TiO2 ﬁlms before and after UV irradiation
Degussa P25 Hombikat UV100 SC 134 Sol–gel ﬁlm
O 1s peak data
Areasurface (%) 28.0 25.7 24.0 28.8
Arealattice (%) 72.0 74.3 76.0 71.2
Eb (eV) Ti–O 529.9 529.9 529.9 529.9
Eb (eV) OH 531.8 531.9 531.8 531.8
O 1s peak data after UV
Areasurface (%) 34.4 34.0 30.1 35.8
Arealattice (%) 65.6 66.0 68.9 64.2
Eb (eV) Ti–O 529.9 529.9 529.9 529.9
Eb (eV) OH 531.9 531.7 531.9 531.9
Relative increase in surface oxygen (%) 23.9 32.1 25.4 24.5
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Fig. 4. XPS spectrum of the Ti 2p peak of the sol–gel ﬁlm before and after 1h of UV
irradiation.
After 1h of UV irradiation the percentage of surface oxygen is
increased by up to 32% of the amount prior to UV irradiation. In
order to compare the amount of oxygen which is present as sur-
face oxygen in the different TiO2 ﬁlms before and after 1h of UV
irradiation the atomic ratio between the crystal lattice oxygen and
Ti was studied by area determination and known cross sections for
the interaction between atoms andX-rays. The calculated ratios are
presented in Table 3.
Table 3
Oxygen content and oxygen to titanium ratios
Atomic ratio of Olattice–Ti Atomic ratio of Ototal–Ti
TiO2 ﬁlms
Degussa P25 ﬁlm 2.00 2.64
Hombikat UV100 ﬁlm 1.82 2.45
SC 134 ﬁlm 1.82 2.52
Sol–gel ﬁlm 1.87 2.62
TiO2 ﬁlms after UV irradiation
Degussa P25 ﬁlm 1.88 2.87
Hombikat UV100 ﬁlm 1.82 2.76
SC 134 ﬁlm 1.96 2.85
Sol–gel ﬁlm 1.91 2.97
Fig. 5. XPS spectra of theO1speakof the sol–gel ﬁlmbefore andafterUV irradiation.
Peak 1 is due to surface oxygenprobably due toOHgroups andpeak 2 is due to lattice
oxygen in the form of Ti–O–Ti bonds.
From Table 3 it is seen that the atomic ratio between crystal
lattice oxygen and Ti were found to be around 1.9 both before and
after UV irradiation.Without a standard TiO2 reference surface, it is
not possible to use these ratios quantitatively, the ratios is therefore
only used semi-quantitatively to obtain knowledge about changes
in surface and lattice oxygen.
Comparison of the ratios between total oxygen and Titanium
show that the ratio before and after UV irradiation vary signiﬁ-
cantly. After UV illumination the total oxygen/Ti ratio has increased
indicating an increase in the oxygen present at the surface most
likely as chemisorbed hydroxyl groups.
The increase in hydroxyl groups after UV irradiation supports
the idea that UV irradiation promotes the generation of reactive
species that will mediate the photocatalytical destruction of pollu-
tants. These results are similar to the results reported by Yu et al.
who also observed an increase in the hydroxyl group content after
UV irradiation using high resolution XPS analysis [24].
STM investigations of rutile (110) TiO2 single crystals have
shown that a signiﬁcant amount of oxygen vacancies are present on
the surface of single crystals [25]. Besenbacher and co-workers has
conducted a detailed study of the interaction of oxygen and water
with the vacancies on the single crystals [25]. The investigation
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showed that after interaction between dioxygen and the vacancies
lattice oxygenwas observedwhere originally a vacancywas located
and a second oxygen atomwas found in a ﬁve-coordinated position
on top of a titanium atom indicating that a splitting of the dioxygen
molecule has occurred. Interaction between water and the vacan-
cies resulted in chemisorbedhydroxyl groups located in theoriginal
vacancy position. A second hydroxyl group was found very close to
this indicating a transfer of a proton from the chemisorbed water
molecule to a neighboring bridging oxygen.
Our group believes that the increase in the amount of hydroxyl
groups observed by the XPS investigation in the present work after
UV irradiationhas twoorigins. First existingoxygenvacancies in the
TiO2 ﬁlms were occupied by water molecules after pretreatment
of the ﬁlms. Water is adsorbed easily on the TiO2 ﬁlms and occu-
pies the vacancies even if it is present in almost negligible amounts
[25]. Interaction between the vacancy and the water molecule has
lead to diffusion of a proton to a neighbor oxygen atom thereby
creating twohydroxyl groups. According to theDFT calculation con-
ducted by Besenbacher and co-workers the system is stabilized by
diffusion of a proton to a more distant oxygen atom [25]. The diffu-
sion to distant oxygen atoms is catalyzed by the presence of water
molecules [26]. Adsorption of dioxygen can stabilize the system
even further by splitting the dioxygen molecule thereby occupy-
ing a vacancy [25]. However, this process is not believed to occur
to a greater extent if the principle part of the vacancies is already
occupied by hydroxyl groups. That dioxygen did not occupy these
vacancies immediately after creation is a result of the difference
in kinetics between the two competing molecules (dioxygen and
water) during interaction with the oxygen vacancies. Secondly, an
increased amount of oxygen vacancies are induced by the UV irra-
diation. These vacancies are yet again believed to be occupied by
water molecules resulting in diffusion of a proton to a neighboring
oxygen atom as described above, thereby increasing the amount of
hydroxyl groups on the surface.
According to DFT calculations of the species found on rutile [25]
it can be calculated that it requires 3.25 eV to create an oxygen
vacancy on rutile. If we compare the stability of a rutile crystal to an
anatase crystal the bonding energy of an oxygen atom on the sur-
face of anatase is believed to be even smaller than 3.25 eV due to
the lower density of the anatase crystal. This energy corresponds to
awavelength of 382nm. Thus, theUVC light (253.7nm) used in our
Fig. 6. The degradation of stearic acid on the TiO2 ﬁlms. Themeasured activity of the
TiO2 ﬁlms is; Degussa P25>Sol–gel >Hombikat UV100>SC 134. Relative integrated
area of 1 corresponds to 6.5Abs cm−1.
Fig. 7. Initial rate of degradation of stearic acid on the TiO2 ﬁlms as a function of the
TiO2 content in the ﬁlms.
experiments has sufﬁcient energy to create extra oxygen vacancies
[7].
In the photocatalytic process the hydroxyl groups on the surface
are active in the oxidation process of adsorbed organics by captur-
ing a hole (h+) from the excited crystal resulting in formation for
hydroxyl radicals. Usually, an increase in the hydroxyl content on
the surface of TiO2 ﬁlms enhances both the photocatalytic activ-
ity and the superhydrophilicity [24]. Currently, the investigation of
the mechanism involved in the photo-induced superhydrophilicity
is carried out.
If the TiO2 ﬁlms are stored in the dark, the surface of the TiO2
ﬁlm will convert back to its initial more hydrophobic state. The
regeneration of the hydrophobic surface in the dark is thought to
be caused by either adsorption of organics or by release of water
due to adsorption of dioxygen creating a more hydrophobic surface
[7,27,28]. However, hydroxyl groupswill still be present on the TiO2
surface.
In this work about the same increase in the amount of hydroxyl
groupswas observed independent ofwhich powder ormethodwas
used to prepare the TiO2 ﬁlms. In addition the absolute amount
of hydroxyl groups varied a little between the ﬁlms. However, a
correlation between the amount of hydroxyl groups and the pho-
tocatalytic activity was found (see below).
3.5. Determination of the photocatalytic activity
The photocatalytic activity of the prepared TiO2 ﬁlmswas inves-
tigated from the degradation proﬁles of stearic acid. Fig. 6 shows
the degradation of stearic acid on the four TiO2 ﬁlms. Themeasured
activity of the TiO2 ﬁlms by degradation of stearic acid is; Degussa
P25>Sol–gel >Hombikat UV100>SC 134.
In order to compare the activity of the different ﬁlms quantita-
tively the initial rate of degradation of stearic acid was used. Fig. 7
shows that the rate of degradation increases nearly linear with the
concentration of TiO2 in the ﬁlms. These ﬁndings suggest that the
amount of TiO2 in the ﬁlm is the limiting condition for the rate of
reaction. The observed increase in the rate of degradation is proba-
bly due to an increased absorption of UV light due to larger amount
of crystalline material. From Fig. 7 it is seen that the ﬁlm prepared
from Degussa P25 is the most active ﬁlm, followed by the sol–gel
ﬁlm, Hombikat UV100 ﬁlm, and the SC 134 ﬁlm.
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Fig. 8. Photocatalytic activity of the TiO2 ﬁlm as a function of the amount of surface
OH groups determined by XPS investigation after UV irradiation.
In Fig. 8 the activity of the TiO2 is plotted against the amount
of surface OH groups determined by XPS investigation after UV
irradiation. The resulting plot shows that there is a good corre-
lation between the amount of OH groups on the surface and the
photocatalytic activity.
The activity of the ﬁlms is believed to be related to the crys-
tallinity of the TiO2 ﬁlm and the amount of surface area and surface
hydroxyl groups. The crystallinity data determined by XRD shown
in Table 1 conﬁrms this idea. TheDegussa P25ﬁlmwas the only ﬁlm
consisting of both anatase and rutile. The anatase/rutile structure of
titania has been suggested by different research group to be beneﬁ-
cial for suppressing the recombination of photogenerated electrons
and holes and thus enhance the photocatalytic activity [29,30]. The
crystallinity of the ﬁlm prepared from Hombikat UV100 was found
to consist of 86.2% anatase. In comparison the sol–gel ﬁlm and the
SC 134 ﬁlm were both found to consist of about 70% anatase. Addi-
tionally, the particle size of the TiO2 powders used in suspension
to prepare the ﬁlms is believed heavily to inﬂuence the activity and
stability of the ﬁlms. In this work it was found that the particles
or aggregates in suspension used in the preparation of the differ-
ent ﬁlms varied from 270 to 1274nm in diameter depending on the
preparationmethodof the TiO2 powders (Table 1). Itwas found that
the sol–gel preparedTiO2 andDegussaP25had the smallest particle
size, which resulted in these powders, produced the most uniform
and homogeneous ﬁlms having the lowest surface roughness mea-
sured by AFM. Based on AFM imaging the Sol–gel and Degussa P25
ﬁlms have the largest surface area available for reaction as they are
assembled from smaller particles. Moreover, the results obtained
from XPS analysis of the surfaces after UV irradiation showed that
the sol–gel ﬁlm and the Degussa P25 ﬁlm had the highest amount
of adsorbed hydroxyl groups consisting with these ﬁlms have the
largest surface area.
4. Conclusion
The investigation of the different prepared TiO2 ﬁlms showed
that the ﬁlm prepared from Degussa P25 and the sol–gel ﬁlm were
the most active ﬁlms, followed by the Hombikat UV100 ﬁlm and
the SC 134 ﬁlm. The activity of the ﬁlms is assumed to be related
to the crystallinity of the TiO2 ﬁlm and the amount of surface area
and surface hydroxyl groups.
Based on the XPS investigation of the ﬁlms before and after
UV irradiation it was suggested that the photocatalytic destruction
of organic matter on TiO2 ﬁlms proceeds partly through forma-
tion of hydroxyl radicals which are formed from adsorbed hydroxyl
groups. The increase in hydroxyl groups observed by XPS analysis
of the surface of the TiO2 ﬁlms is believed to originate from adsorp-
tion of water in the vacancies. Interaction between water and the
vacancy is thought to promote diffusion of a proton to a neighbor-
ing oxygen, thereby increasing the amount of hydroxyl groups on
the surface. Furthermore a good correlation between the amount
of OH groups on the surface of the different TiO2 ﬁlms and the
photocatalytic activity was found.
The sol–gel synthesizedTiO2 and theDegussaP25had the small-
est particle size, which resulted in these powders, produced the
most uniform and homogeneous ﬁlms having the lowest surface
roughness measured by AFM. Based on AFM imaging of the Sol–gel
and the Degussa P25 ﬁlm and the particle size these ﬁlms have
the largest surface area available for reaction. Moreover, the results
obtained from XPS analysis of the surfaces after UV irradiation
showed that the sol–gel ﬁlm and the Degussa P25 ﬁlm had the
highest amount of adsorbed hydroxyl groups consisting with these
ﬁlms have the largest surface area.
The investigation also showed that the rate of degradation
increases nearly linearly with the concentration of TiO2 in the sol-
vents used in preparation of the ﬁlms. These ﬁndings suggest that
the amount of TiO2 in the ﬁlms is the limiting condition for the
rate of reaction. The observed increase in the rate of degradation is
probably due to an increased absorption of UV light due to larger
amount of crystalline material.
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